The primary physiological function of blood platelets is to seal vascular lesions after injury and form hemostatic thrombi in order to prevent blood loss. This task relies on the formation of strong cellular-extracellular matrix interactions in the subendothelial lesions. The cytoskeleton of a platelet is key to all of its functions: its ability to spread, adhere and contract. Despite the medical significance of platelets, there is still no high-resolution structural information of their cytoskeleton. Here, we discuss and present 3-dimensional (3D) structural analysis of intact platelets by using cryoelectron tomography (cryo-ET) and atomic force microscopy (AFM). Cryo-ET provides in situ structural analysis and AFM gives stiffness maps of the platelets. In the future, combining highresolution structural and mechanical techniques will bring new understanding of how structural changes modulate platelet stiffness during activation and adhesion.
Introduction
Platelets are discoid cell fragments released into the blood circulation by bone marrow megakaryocytes. They are involved in processes such as hemostasis, thrombosis, wound healing, atherosclerosis and inflammation; however, their primary function is to prevent blood loss by sealing vascular injuries. 1 Under normal conditions platelets patrol the vascular system in a non-adherent "resting" state but become rapidly activated at sites of vascular injury. Platelet activation is triggered by exposed extracellular matrix (ECM) molecules or by soluble platelet agonists, which induce intracellular signaling events via their respective receptors. Consequently, these signals initiate re-organization of the cytoskeleton, the release of prothrombotic granula content and the activation of platelet integrins, which mediate strong adhesion to the proteins of the ECM. Distinct morphological changes can be observed during platelet activation, starting from a discoid transforming to a spherical shape (rounding) and finally to a fried-egg shape which adheres to the surface (Fig. 1) . A microtubule ring underlies the platelet membrane at its larger circumference and sustains the discoid shape. 2 Upon platelet activation, the microtubule ring constricts and actin filaments are severed. This stage is followed by extensive actin polymerization forming multiple filopodia. 3 Finally, the platelets spread, form lamellipodia and platelet adhesion progresses. Strong platelet adhesion requires a connection between the cytoskeletal filaments and the ECM. Thus, reorganization of the platelet cytoskeleton is simultaneously coordinated with the formation of adhesion plaques, which link the actin network to the ECM. 4 Integrins represent the major family of platelet adhesion receptors mediating firm adhesion to exposed matrix molecules of endothelial lesions. 5 Integrins also facilitate platelet adhesion, aggregation and spreading via natural ligands, such as fibrinogen and fibronectin, and subsequent cytoskeleton reorganization. Since platelet integrins are constantly exposed to ligands, their activity has to be tightly controlled in order to circumvent deregulated thrombus formation. Integrins are kept in a resting state, i.e., low-affinity, on the surface of circulating platelets, and rapidly shift toward an active, high-affinity state upon activation (Fig. 1 ). This transition is regulated by intracellular events utilizing 2 cytoplasmic proteins, talin and kindlin, in the presence of platelet agonists. 6 Both proteins directly bind the cytoplasmic tail of b-integrin subunits and thereby trigger integrin activation.
Cell attachment and spreading are intensively studied by fluorescence microscopy. 7 However, due to the small size of resting platelets (~4 mm in diameter), studying their 3D cytoskeletal organization at high-resolution is still elusive. Here, we demonstrate the potential of structural analysis of intact platelets by cryo-electron tomography (cryo-ET). The current technology allows us to visualize the cytoskeletal architecture of spread platelets on ECM protein-coated (fibrinogen or collagen) surfaces, and analyze its most abundant integrin, the aIIbb3. In addition, similar preparation is used to measure the stiffness of living platelets using the atomic force microscope (AFM) (Fig. 2) . Combining the 2 approaches may eventually allow to directly correlate structure and function, e.g., how cytoskeleton architecture contributes to cellular stiffness.
Visualizing cellular architecture by cryo-electron tomography
Technical advances in microscopic imaging techniques such as cryo-electron microscopy (cryo-EM) have led to unprecedented capabilities for examining cellular structures. In particular, cryo-ET has had a pivotal role in cellular biology since it can provide a 3D structural map of a specific cellular state in an unperturbed, vitrified sample, i.e., in a close-to-physiological state, [8] [9] [10] whereas in conventional EM cells are fixed, dehydrated, stained with heavy metal and physically sliced. Cryo-ET enables direct observation of macromolecular densities in situ due to the phase contrast between the biological material and the surrounding vitrified ice, bypassing the use of fixatives as well as commonly used contrasting agents, such as heavy metal salts. 11 In practice, vitrified samples of suitable thickness (<1 mm) are rotated inside the transmission electron microscope (TEM) around a defined tilt axis and in discrete increments, covering a maximal range of 140 (between ¡70 and C70 ). 12 A series of 2D projections, i.e., a 'tilt-series', is collected under 'low electron dose' conditions (typically <60 e -/A 2 ) to prevent radiation damage to the sample. 13, 14 The tilt-series is subsequently aligned to a common frame in order to reconstruct the 3D volume of the specimen, namely a tomogram 12 (Fig. 2) . Technical advances over the last few years, such as improved sample preparation and electron detection methods, have been instrumental in obtaining data with Figure 1 . Adhesion system of platelets (platelet spreading and integrin activation). In resting platelets, aIIbb3 integrins are in a bent and inactive conformation. Integrin activation can be triggered in 2 ways: (1) inside-out signaling or (2) outside-in signaling. In the first case integrin activation is initiated by platelet agonists such as thrombin. Thrombin activates the protease-activated GPCRs (G proteincoupled receptors), which leads to an increase in concentration of the cytosolic Ca 2C . This triggers an intracellular signaling cascade that promotes talin binding to the cytoplasmic tail of the b2 chain. This event elicits integrin extension and activation. In the outside-in signaling, aIIbb3 is activated by ligand binding (e.g., fibrinogen).
unprecedented structural details. 15, 16 Direct electron detectors allow to retrieve high-frequency information at a high frame rate. As a consequence, multiple projections of the same area, a few milliseconds long, can be computationally compensated for sample motion thereby increasing the quality of the data. This presents an exciting opportunity to explore the molecular architecture of platelets and the cell adhesion machinery at nanometer to subnanometer resolution.
Zooming into intact platelets with cryo-electron tomography
Cryo-ET has been used for high resolution imaging of the cytoskeleton in eukaryotic cells. For example, structural characterization of focal adhesions in fibroblasts 17, 18 revealed that actin filaments are orientated parallel to the long axis of the focal adhesion, whereas the parallel orientation is not preserved at the periphery of the adhesion sites. Importantly, these studies indicated that individual actin filaments interact with integrins via protein assemblies. 17, 19 Adhering platelets spread to form thin cellular structures, typically <1mm in thickness, ideal for imaging with cryo-ET. Here, platelets were allowed to spread on fibrinogen-coated EM grids and were subsequently vitrified at liquid nitrogen temperature and imaged by cryo-ET ( Fig. 3A and B) . 20 Upon platelet activation, filopodia-like structures form prior to cell adhesion and spreading 21 ( Fig. 3A, arrows) . We investigated one such region with cryo-ET. Platelet filopodia showed an architecture similar to that observed in filopodia formed by fibroblasts, which are usually composed of long filamentous actin bundles that push the distal membrane forward (Fig. 3C) . 22 The platelet filopodia consist of actin filaments that are shorter than an entire filopod and are in parallel or oblique to the filopod's axis. Furthermore, a large number of densities are detected at the plasma membrane (Fig. 3C, arrows) . Those densities are presumed to be membrane bound receptors (see below).
The reconstructed volumes of lamellae of platelets spread on a fibrinogen surface showed dense cytoskeletal networks (Fig. 3D) . Images of a platelet attached to a collagen bundle also showed densely packed actin filaments arranged in a meshwork resembling the typical actin meshwork of eukaryotic lamellipodia (Fig. 3E) . 23 Toward in situ characterization and the structure of integrins Besides cytoskeleton remodeling, integrin activation plays an important role in platelet adhesion. The aIIbb3 integrin heterodimer constitutes the major population of surface proteins in platelets (~80% of~100,000 receptors/cell). 24 Therefore, we hypothesized that the globular densities on the extracellular side of platelets are aIIbb3 integrins (Fig. 3C) . In order to test this hypothesis, we labeled the platelets with a monoclonal antibody targeted to aIIbb3 followed by a secondary antibody-gold cluster conjugate (Fig. 4A) . The 6 nm gold colloids were detected exclusively in proximity to the platelet membrane, indicating specific binding. The gold nanoparticles were situated 15-18 nm away from the globular densities present in the platelet membrane, in agreement A rendered view of a platelet spread on collagen fiber. Collagen (pink), plasma membrane (blue), actin (brown), microtubules (cyan) and mitochondria outer membrane (green) were segmented and rendered using Amira software (FEI). The cell thickness in these regions is typically 70-150 nm. Tomograms were acquired on an FEI Titan Krios, 300 kV, equipped with a Gatan Quantum Energy Filter and a K2 Summit direct electron detection camera, at 0.34 nm/pixel at the specimen level. The tilt series was acquired from ¡60 o to C60 o in 2 increments, at 8 mm defocus. The cumulative electron dose was~40 e -A -2 .
with the expected maximal distance of~19 nm between a gold-labeled secondary antibody and its epitope. 25 As a control, the secondary gold-labeled antibody was incubated with platelets alone but no gold nanoparticles were detected in the vicinity of the plasma membrane (data not shown).
The precise structural details of integrin in its different conformational states are debatable. It has been proposed that in the low-affinity non-active conformation, the 2 subunits are bent and closely interact with each other. Upon activation, integrins extend into an elongated conformation in which the 2 subunits separate. 26 Growing evidence suggests that conformational changes in integrin require extracellular binding 27 in addition to cytoplasmic binders. For example, talin and kindlin binding to the integrin cytoplasmic domain was associated with an extended integrin conformation. [28] [29] [30] [31] The observed integrin receptors on the platelet surface allowed us to address the question of integrin conformation. We measured the distance between the globular head domain of individual integrins and the cell membrane (Fig. 4B) . The distribution of integrin extension suggests that integrins may exhibit a conformational heterogeneity ranging from a bent inactive conformation to a fully extended active conformation, i.e., a spectrum of intermediate state conformations. This was also recently shown for integrins embedded in the membranes of platelet-derived microparticles. 32 Based on these results and our ongoing work, it is very likely that by applying cryo-ET the structural conformations of integrins may be resolved in situ.
Cellular structural mechanics
Nanotechnological tools, such as the atomic force microscope (AFM), are routinely employed to image reconstituted and cellular systems. 33 Besides surface characterization, soft biological matter can be mechanically characterized, e.g., by measuring stiffness, Young's modulus, and viscoelastic properties of a cell. Quantitative measurements have shown that the material properties of tissues change with age and disease. 34 Interestingly, normal, benign and malignant tissues were shown to exhibit different mechanical properties enabling a future possibility of applications in clinical diagnostics. 35 A change in the material properties is bound to arise from a change in the macromolecular structures of a tissue or a cell. However, to understand the direct influence of macromolecular re-modeling of a cell in different states and its relation to the mechanical properties, a direct correlation between the mechanical properties of a cell and its structure is important. Key to achieving this is the assignment of the causality of changes in mechanical properties to specific intracellular structural elements. A complementary approach of cryo-ET and AFM is a logical step toward understanding how mechanical properties are influenced by dynamic structural changes in a cell.
Mechanical characterization of platelets
Platelets from healthy donors were seeded on a fibrinogen-coated glass dish and allowed to adhere to the surface. A mechanical map of an entire platelet was then recorded by force-volume (FV) imaging. Instead of Figure 4 . Analysis of platelet membrane receptors. (A) An x-y slice through a tomogram of a platelet, where integrin aIIbb3 has been immunogold labeled. 32 Yellow stars highlight the 6 nm gold nanoparticles, which were observed only in the proximity of the platelet membrane. Scale bar: 100 nm. (B) Histogram of integrin length distribution. The integrin lengths were measured in 5 tomograms (acquired as in Figs. 1C, D) for a total of 366 integrins. 32 The black line is a Gaussian fit to the histogram.
contouring the platelet as in the conventional contact mode, force-distance (F-D) curves were acquired by scrutinizing the platelet in the x-y plane. The advantage of this technique is that a soft material, such as a cell, is prevented from being damaged, which is sometimes difficult to avoid in the contact mode. Moreover, a single force-volume scan is capable of providing platelet topography and simultaneously map the mechanical (e.g., elasticity, deformation, Young's modulus, energy dissipation) and adhesive properties.
A mechanical map of a spread human platelet was created by collecting F-D curves (64 £ 64 pixels); the curves were fitted to the Hertz model and Young's modulus determined (Fig. 5) . The mechanical map clearly showed a softer central region (32 kPa) and an outer stiffer region (224 kPa) (Fig. 5C-E) . A similar trend was observed previously, where the elastic moduli were measured in a range of 1-50 kPa. 36 The resolution of the measurement also allowed us to observe mechanical gradients in the central and the outer regions. The soft nature of the central region is likely because of the presence of vesicles (also seen in tomograms; data not shown). The higher values of Young's moduli surrounding the central region can be attributed to the actin network and in some cases to the microtubule ring. An exact assignment of the stiffness to the cytoskeletal structure requires further precise correlation; the mechanical properties of platelets at different stages of activation are currently under investigation. Remodeling of cytoskeletal organization in diseased platelets (e.g., Glanzmann thrombasthenia, Bernard Soulier syndrome) and changes in their mechanical properties need to be studied in detail in the future.
Future perspectives
Cryo-ET provides high-resolution snapshots of (intra) cellular structures arrested at a specific time. In situ structural identification of macromolecular complexes is therefore possible. Following the conformational change of integrin receptors, adhesion complexes and the cytoskeleton re-organization in platelets at sub-nanometer resolution will likely increase our understanding of platelet spreading and adhesion. Pertinent questions are: What are the structural changes in the cytoskeletal network and the integrins during spreading and adhesion? How do the mechanical properties of a platelet correlate to the structural changes?
The AFM cantilever can be used as a nano-indenter to determine the mechanical parameters of a native cell either dynamically or at a specific stage (e.g., upon chemical fixation). 37 To understand the interplay of mechanical forces and adhesion in platelets, the mechanical measurements need to be quantitatively correlated with the structural data. The two techniques can be used in tandem-AFM for nano-mechanics and cryo-ET to look at exactly those regions for structural insight. To achieve an unambiguous correlation between the mechanical properties and associated structural elements of platelets, a correlative assay needs to be developed so that the same platelet sample used for FV-AFM imaging can be inspected by cryo-ET (Fig. 2) . For example, a sample on an EM grid could be mechanically characterized with AFM, and then vitrified to perform cryo-ET analysis. Developing this approach will contribute to a comprehensive understanding of platelet adhesion mechanism, e.g., following from initial to final stages of the adhesion process. Characterizing how mechanical and adhesive properties go hand-in-hand with structural alterations will impart important insight to platelet and cell research from a new perspective.
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